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Introduction
The mechanisms by which bone strength and stiffness deteriorate as bone loss progresses with aging have been extensively studied and many of these studies have focussed on trabecular bone properties (Ding et al., 2002 , Homminga et al., 2001 , Mosekilde, 1990 , Muller and Ruegsegger, 1996 , Silva and Gibson, 1997 , Tanck et al., 2006 , Thomsen et al., 2002b , van der Linden et al., 2002 . Trabecular bone strength has typically been quantified experimentally by performing compression tests on cylindrical specimens which have been cored out from the whole bone (Bayraktar and Keaveny, 2004 , Homminga et al., 2002 , Keaveny, 1993 , Keaveny, 1997 , Linde, 1989 . Although such experiments have yielded valuable information on the strength and modulus properties of trabecular bone, the important contribution of the cortical shell to the overall bone strength is not taken into account, thus limiting the application of such data for predicting whole bone fracture loads. In particular, the mechanical interaction between the cortical shell and the trabecular core in vertebrae is not well understood, although recent finite element studies on whole vertebrae suggest that this may have an important contribution to the whole bone strength and stiffness (Bayraktar et al., 2003 , Eswaran et al., 2007b .
The current study was performed to investigate the mechanical interaction between the shell and trabecular core for vertebral bone using a novel combination of rapid prototype (RP) model testing and finite element (FE) modelling. Specifically, it was desired to determine the effect of this interaction on the ultimate strength of the shell-core structure by compression testing rapid prototype (RP) models of ovine vertebral trabecular bone. FE modelling of the trabecular core structures could then be used to perform a decoupling analysis on this interaction effect, in order to determine the relative importance of the reinforcement of the shell due to its mechanical interaction with the trabecular core (shell reinforcing effect), versus the reinforcement of the trabecular core due to its mechanical interaction with the connecting shell (core reinforcing effect).
RP models are three-dimensional physical biomodels (Lohfeld et al., 2005) which are derived from micro-computed tomography (μCT) scans of the bone samples (Fig. 1) . The Selective Laser Sintering (SLS) process was used in this study, in which a laser sinters the profile, slice by slice in a powder bed, until the completed 3D structure is produced. Previous studies on RP models of trabecular bone have compared their mechanical behaviour with micro-FE models (Dobson et al., 2006 , Su et al., 2007 , Zysset et al., 1997 , and preliminary comparison studies have been made with real bone (Umeno et al., 2006) . However, it has not yet been determined if RP models exhibit realistic strength and failure characteristics compared to real bone. Therefore, an initial study was performed as part of this work to justify the use of RP models by comparing the ultimate strength and visual failure mechanisms of RP models with those of corresponding real bone specimens. Ovine trabecular bone specimens were used since previous studies have shown that this provides an appropriate large animal model for analysis of the mechanical behaviour of bone (Newton et al., 2004 , Pouilles et al., 2000 , Thomas et al., 1996 .
Pending the successful outcome of this verification study, our specific objectives were: (i) to quantify the extent of the reinforcing effect between the shell and the trabecular core on the ultimate strength of the whole structure; (ii) to evaluate if this reinforcing effect becomes more important to the whole bone strength as the trabecular core bone volume fraction decreases; (iii) to determine the relative importance of the shell reinforcing effect compared to the core reinforcing effect.
Materials and methods

Comparison of RP models with real bone specimens
Compression tests were performed on RP models of ovine vertebral trabecular bone and corresponding real bone specimens to determine if RP models were suitable for subsequently comparing the strength characteristics of trabecular architectures with increasing levels of bone loss. Twenty cylindrical trabecular specimens were extracted from ovine L5 lumbar vertebrae. The mean and standard deviation of the bone volume fraction (BV/TV) for the trabecular specimens was 0.33 ± 0.04 (range of 0.25-0.43). A diamond impregnated coring tool was used to extract the specimens and a clamping fixture ensured that they were aligned in the inferiorsuperior direction of the vertebra. The 7 mm diameter specimens were converted to square cross-section using a slow speed diamond saw (Buehler, Isomet) . This specimen shape facilitated viewing under the microscope in the subsequent compression tests. The finished specimens had dimensions of 4.5 mm by 4.5 mm by 25 mm length. The specimens were waterjet cleaned to remove marrow and coring debris. Specimens were kept hydrated at all times and stored in sealed plastic bags at −18 ∘ C prior to testing.
The specimens were μCT scanned at 6 μm resolution (μCT 40, SCANCO Medical AG, Switzerland). The image slices were coarsened to 24 μm resolution and were converted into 3D STL reconstructions (Mimics 9.0, Materialise RapidParts, UK). Each STL file was imported into the build setup software for the RP laser sinterstation (SLS 2500 Plus, DTM Corporation, USA). The maximum resolution of the sinterstation is 0.1 mm. Therefore, the models were scaled up by 10 times so that trabecular features with a size scale of the order of 0.01 mm in the real bone specimens could be captured in the corresponding RP replica (Fig. 1) . Duraform PA-12 powder was the raw material used (3D Systems, UK). The energy density of the sintering laser was set to 0.016 J/mm 2 . Prior process parameter studies at our laboratory have shown that this level of energy density results in modulus and strength properties which are very similar in the vertical and transverse directions of the RP build (Caulfield et al., 2007) .
The real bone specimens were mounted in brass end-caps to reduce end artifacts during compression testing (Keaveny, 1997, Kopperdahl and Keaveny, 1998) . The depth of specimen in each end-cap was 7 mm, resulting in a central free length of approximately 10 mm. Specimens were tested in compression using a 1 kN load capacity testing machine (Zwick model BZ2.5, UK). A microscope and digital camera allowed a clear image to be obtained of one face of the specimen at 20X magnification. Video capture software recorded a video of the test directly to a PC. The test speed was 0.1% strain per second. Four pre-cycles to 0.5% strain were performed on each specimen and the specimens were loaded to failure on the 5th cycle.
The RP models were tested using an equivalent protocol on a 25 kN testing machine (Model 8874, Instron UK Ltd.) due to the higher loads required to destruct the 10X scaled-up models. A digital camera recorded a video of the test. Each model was tested to failure, or alternatively to the maximum 25 kN load capacity of the test machine, if failure did not occur.
A correction factor was determined to account for the difference in strength between the bone tissue material and the PA-12 material which was used to manufacture the RP models. Twenty bone tissue specimens were cut from the vertebral shells of the same vertebrae from which the trabecular cores were extracted (Fig. 2 ) using a slow speed diamond saw. Trabecular bone was carefully removed from the shell specimens using a scalpel, followed by polishing with a grit 320 P400 polishing disc (Metaserv 2000, Buehler UK Ltd.). The mean length, width and thickness of the specimens were 5.27 mm, 4.95 mm and 1.16 mm, respectively ( Table 1) . The specimens were inserted in an aluminium holder which provided support along the length of the specimens to a depth of 2.5 mm. They were secured using cyanoacrylate adhesive so that there was a free length of approximately 2.8 mm protruding from the holder, giving an aspect ratio (free length to thickness) of 2.4. The specimens were compressed in a testing machine (Model 8874, Instron UK Ltd) until failure occurred (Fig. 2 ) and the ultimate stress was calculated. Seven PA-12 specimens with similar dimensions (length 5.22 mm, width 4.46 mm and thickness 1.11 mm) were rapid prototyped, mounted in aluminium holders and tested to failure using the same protocol. The correction factor for the difference in strength between the real bone tissue and the PA-12 material was calculated as the ratio of the mean values of the ultimate strength obtained for each series of tests:
(1) where and −12 are the mean values of ultimate strength for bone tissue and PA-12 material, respectively.
The RP model ultimate strength results were compared with the corresponding real bone ultimate strength results on a specimen-by-specimen basis and also by determining the correlation coefficient between the RP and real bone results for the complete set of tests. In addition, the failure mechanisms and failure locations were analysed from the videos of the RP model tests and real bone tests to determine if the RP models failed in a qualitatively similar way to the real bone specimens.
Investigation of interaction between shell and trabecular core
The objective of this section of the study was to quantify the magnitude of the overall reinforcing effect on the ultimate strength due to the mechanical interaction between the shell and the trabecular core, for different values of trabecular core volume fraction. This objective was achieved by compression testing RP models of trabecular bone, with and without an integral shell. Cylindrical RP models with dimensions 48 mm diameter by 72 mm length (again scaled up by 10X magnification), were manufactured from the μCT scans of 3 of the ovine trabecular core specimens. The cylindrical shape facilitated the application of an integral surrounding shell and was achieved by cropping the original μCT scans using a custom MATLAB program (MATLAB version 6.5., The MathWorks, MA, USA) and subsequently generating a 3D STL reconstruction (Mimics 9.0, Materialise RapidParts, UK). The STL files were imported into a 3D surface modelling software package (DeskArtes Design Expert, Version 5.2.0., Helsinki, Finland) and the shells were applied by constructing a cylindrical surface primitive with the same length as the trabecular core. The internal diameter of the shell was 45 mm and the shell thickness was 1.5 mm. The shell was then positioned over the trabecular core so that the internal surface of the shell overlapped the outside surface of the trabecular core. The shell and core were then merged into a single STL entity.
A voxel mesh was created from the μCT scans for each of the 3 ovine trabecular core specimens using a Fortran meshing program that had been previously developed by the authors (Harrison et al., 2008 ). An algorithm was developed to universally thin trabeculae and was incorporated into the meshing program. This surface erosion algorithm simulates secondary osteoporosis (e.g. during bed-rest or extended space travel) by uniformly removing voxel elements from the surface of the trabeculae (Guo and Kim, 2002, van der Linden et al., 2002) . This process imposes trabecular thinning as well as perforation of trabeculae. A MATLAB program was developed to extract image slices from the thinned voxel models and 3D STL reconstructions were created from these image slices (Mimics 9.0, Materialise RapidParts, UK). RP models were then generated for 2 increasing levels of uniform bone loss, in addition to the original unthinned trabecular cores (Table 4 ). The RP builds included a model of the trabecular core (without a shell), the trabecular core with an integral shell and the shell on its own (Fig. 3 ). An additional trabecular core model was developed corresponding to a bone specimen with a diameter of 9.6 mm, with and without a shell. This model was used to investigate the effect of increasing the core size on the shell/core interaction. All RP models were tested to failure in compression using the procedure described previously (Fig. 4) . The modulus values and ultimate loads were determined for the trabecular core, for the shell on its own and for the trabecular core with an integral shell.
The total load carried by the shell-core structure is broken down into the load carrying contributions of the trabecular core, the shell and the reinforcing effect between the core and the shell, as follows:
where is the ultimate load carried by the shell-core structure, is the ultimate load carried by the trabecular core, is the ultimate load carried by the shell and is the reinforcing load due to the shell/core interaction. The reinforcing load can then be calculated since the values of , and are determined from the experimental tests:
Stiffness analysis and finite element modelling
Although the overall reinforcing load, , between the shell and the core could be determined from the experimental tests on the RP models, it was desired to further decouple this reinforcing effect into the contributions of the shell reinforcing effect and the core reinforcing effect. A combination of FE analysis and experimental results were used to perform this decoupling analysis since it was not possible to determine the two separate reinforcing components from the experimental tests alone. The FE analyses were confined to the linear elastic region of the stress-strain curve, so that identification of the ultimate load point was not possible. Therefore, we focussed our decoupling analysis on the apparent modulus of the shell-core structure. However, since the strength of bone is highly correlated with its apparent modulus (Fyhrie and Vashishth, 2000 , Goulet et al., 1994 , Hou et al., 1998 , Keaveny et al., 1994 , this decoupling analysis could be used to infer the corresponding strength contributions of the shell reinforcing effect and the core reinforcing effect.
We can break down the modulus contributions to the overall stiffness of the shell-core structure in a fashion analogous to that given in Eq. (2), as follows:
where is the apparent modulus of the shell-core structure, is the apparent modulus of the trabecular core, is the modulus of the shell, is the overall contribution to modulus due to the shell/core interaction, is the spatial volume fraction of the trabecular core and is the spatial volume fraction of the shell.
can be decoupled into two components corresponding to the shell reinforcing effect and core reinforcing effect as follows:
where is the increased stiffness in the trabecular core due to its mechanical interaction with the shell (core reinforcing effect) and is the increased stiffness in the shell due to its mechanical interaction with the trabecular core (shell reinforcing effect). The values of the core reinforcing effect ( ) and the shell reinforcing effect ( ) can be obtained from a final breakdown of the shell-core apparent modulus which is achieved by substituting Eq. (5) into Eq. (4), as follows:
The two unknown values in Eq. (6) are and , since , and are determined from the results of experimental tests, and the volume fractions, and , can be calculated from the spatial volumes of the shell and core. The value of can be determined by performing FE analyses on voxel models corresponding to the experimental specimens, in which the load carrying contributions of the shell and trabecular core regions are isolated into distinct radial annuli. By summing the load carrying contributions of the trabecular core annuli (i.e. excluding the shell annuli), the apparent modulus corresponding to just the trabecular core, 1 , can be determined for the integrated shell-core structure. A corresponding model of the trabecular core without an integral shell yields an apparent modulus value of 2 . The modulus contribution due to the core reinforcing effect, , can then be calculated as follows:
The modulus contribution due to the shell reinforcing effect, , can now be determined by re-arranging Eq. (6), as follows:
In order to determine the values of , a separate FE voxel model was generated for each of the following cases: (a) un-thinned with integral shell; (b) un-thinned without a shell; (c) thinned with integral shell; (d) thinned without a shell. The voxel resolution was 48 μm for the 4.8 mm diameter specimens and 72 μm for the 9.6 mm diameter specimens. A linear elastic analysis was performed on each model using an element-by-element solver that had been developed previously by the authors (Harrison et al., 2008) . A boundary condition of 0.5% compressive strain was applied to the nodes on the top surface of the cylindrical geometry and the nodes on the bottom surface were constrained in all degrees of freedom (Fig. 5) . A tissue elastic modulus of 10 GPa and a Poisson's ratio of 0.3 were assigned to the model to represent bone tissue. A custom postprocessor code was written to divide each FE model into separate annuli (nominal radial thickness of 0.072 mm for the 9.6 mm models and 0.048 mm for the 4.8 mm models). The load carrying contribution of a particular annulus was calculated by multiplying the vertical stress component by the cross-sectional area for each voxel and summing for all voxels in the annulus. This procedure was performed for each voxel layer in the vertical direction and the average annulus load for all of the layers was calculated. The value of that was determined from these analyses (see Eq. (7)) was multiplied by a correction factor before substituting into Eq. (8), in order to account for the difference in modulus between the FE simulated bone tissue (10 GPa) and the PA-12 material that was used for the RP model experimental tests:
3. Results 3.1. Comparison of RP models with real bone specimens
The mean values of the ultimate strength for the real bone tissue and the PA-12 material were found to be 104.30±30.94 MPa (n=20) and 41.84±3.25 MPa (n=7), respectively ( Table 1) . The correction factor for the difference in strength between the real bone tissue and the PA-12 material was subsequently calculated as follows: The ultimate stress of the RP trabecular bone models was, as expected, less than that of the real bone specimens because the bone tissue material is stronger than the PA-12 material of the RP models. However, when the correction factor was applied, the strength results for the RP models were, on average, just 10.89% lower than the real bone specimens (Table 2 ). This is most likely due to the fact that the real bone tissue samples, which were used to determine the correction factor, contained small geometric imperfections which would increase the chances of buckling under compression loading, resulting in a lower correction factor than would be achieved for an ideal geometry. Good correlation was obtained between the individual specimen ultimate strength results for the RP replicas and the real bone specimens (R² = 0.80) (Fig. 6) . Qualitative video examination of the compression tests showed similarities in deformation and failure mechanisms between the RP replicas and the corresponding real bone specimens ( Fig. 7 and Table 3 ).
Investigation of mechanical interaction between shell and trabecular core
The ultimate strength values for the RP models with an integral shell were found to be greater than the sum of the strength contributions of the individually tested trabecular core and shell, for all models tested. This suggests that there is a reinforcing effect between the trabecular core and the shell which enhances the strength of the entire structure. The reinforcing effect was calculated as a percentage of the trabecular core strength for each model (Table 4) . For the three un-thinned 48 mm diameter models (BV/TV range from 0.26 to 0.32), the percentage reinforcing effect varied from 22% to 24%. The percentage reinforcing effect increased for each specimen with increasing levels of artificially induced bone loss, suggesting that the reinforcing interaction between the trabecular core and surrounding shell has a greater influence on the overall strength as the trabecular bone volume fraction decreases.
The reinforcing effect of 2% for the 96 mm diameter, un-thinned model (BV/TV =0.45) was much lower than for the un-thinned 48 mm diameter models. This suggests that the reinforcing effect diminishes for high bone volume fraction specimens as the size scale approaches whole bone dimensions. For the corresponding thinned model (BV/TV =0.22), the reinforcing effect was found to be 60% of the isolated core strength (Table 4 ). The experimental stress-strain curves for the thinned 96 mm models (Fig. 8) show that the apparent modulus of the shelled model (101 MPa) is 2.73 times greater than the apparent modulus of the un-shelled trabecular core (37 MPa). For the un-thinned models, the difference in apparent modulus between the shelled and un-shelled models is much less (390 MPa for the shelled model, 330 MPa for the un-shelled model). The mean and standard deviation of effective modulus for the isolated shells was found to be 880±70 MPa (n = 5) for the 48 mm diameter models, and 450±31.5 MPa (n = 5) for the 96 mm diameter models.
Finite element modelling and stiffness analysis results
The FE analyses showed that the modulus of the trabecular core in the shelled models was consistently greater than the corresponding modulus in the un-shelled models, resulting in a trabecular core stiffness reinforcing effect (Table 5 ). An examination of the stress contour plots and annulus stress distributions reveals the mechanisms by which this stiffness reinforcing effect occurs (Fig. 9) . High stresses occur in the shell region in the direction of the applied strain and are transferred into the trabecular core adjacent to the shell. This results in higher average stresses for the outer annuli of the trabecular core compared to the corresponding model without a shell. For the thinned, 9.6 mm diameter model (BV/TV =0.22), the radial thickness of the annulus over which these higher stresses occur in the trabecular core is approximately 1.09 mm and is referred to as the trabecular core transition region. For the corresponding model without a shell, the average annulus stresses show a steady decrease towards the outer cylindrical surface for the same 1.09 mm outer annulus of the trabecular core. Beyond the trabecular core transition region (moving towards the centre of the cylindrical core), the stress distributions for the models with a shell and without a shell match almost exactly. The ratio of the stiffness reinforcing effect to the stiffness of the isolated trabecular core was calculated to be 10.44% for this model (Table 5 ). Similar trends in the annulus stress distribution were found for the un-thinned model (BV/TV =0.45). However, the size of the trabecular core transition region for this high volume fraction model is smaller (0.66 mm) and the stress differential between the shelled and un-shelled models is not as great, resulting in a much lower trabecular core stiffness reinforcing effect of 1.63% relative to the stiffness of the isolated trabecular core (Table 5 ).
The results of the decoupling stiffness analysis for the 48 mm and 96 mm diameter models (Table 5 ), show that the shell reinforcing effect is consistently greater than the corresponding core reinforcing effect. For example, the reinforcing effect that the trabecular core exerts on the shell for the 96 mm diameter thinned model (BV/TV =0.22) is 8.90 times greater than the reinforcing effect that the shell exerts across the trabecular core transition region. For the same model, the combined reinforcing effects of and contribute more than 38% of the total stiffness of the shell-core structure, .
Discussion
The morphological and mechanical properties of trabecular bone cores have been extensively studied, using both finite element modelling (Eswaran et al., 2007a , Follet et al., 2007 , Harrison et al., 2008 , Homminga et al., 2003 , Homminga et al., 2001 , Keaveny et al., 1994 , Liebschner et al., 2005 , Muller and Ruegsegger, 1995 , Nazarian et al., 2006 , Niebur et al., 2000 , Verhulp et al., 2008 , Yeni and Fyhrie, 2001 ) and experimental testing techniques (Arthur Moore and Gibson, 2002 , Hulme et al., 2007 , Keaveny, 1997 , Nagaraja et al., 2005 , Ohman et al., 2007 , Perilli et al., 2008 , Sran et al., 2007 , Thomsen et al., 2002a , with the ultimate goal of improving fracture risk prediction. However, for vertebral bone it is widely acknowledged that the cortical shell also provides an important contribution to the load bearing ability of the whole bone (Andresen et al., 1998 , Ito et al., 2002 and finite element studies have indicated that there is a mechanical interaction between the shell and the trabecular core which enhances the overall strength and stiffness properties of the whole vertebra (Bayraktar et al., 2003 , Eswaran et al., 2007b . In this study, the novel approach of physically testing RP models of shelled and unshelled trabecular bone cores, supplemented by FE analysis of corresponding voxel models, allowed us to investigate this mechanical interaction. A major benefit of this approach was the fact that it was not necessary to take into account the variables of tissue heterogeneity (Goldstein, 1987 , Morgan et al., 2003 and microdamage (Wang and Niebur, 2006, Yeh and Keaveny, 2001 ) which occur in real bone, thus allowing the effects of architecture changes to be isolated.
A detailed validation study was initially performed to determine if RP models could provide a reasonable representation of the failure behaviour of trabecular bone. The results of this study indicated good correlation (R² = 0.80) between the ultimate strength results for individual real bone specimens and corresponding RP models (Fig. 6) . Also, when an experimentally determined correction factor was applied to the RP model results to account for the difference between the strength of real bone tissue and PA-12 material, the average difference between real bone strength and RP model strength was found to be just 10.89% (Table 2) . It should be noted that the bone tissue strength results (104 MPa), which were used to determine this correction factor, are on the lower end of ultimate strength values reported in the literature for cortical bone (100-200 MPa) (Liebschner, 2004) . This may be due to fact that only relatively thin cortical specimens could be extracted from the vertebral shell (average thickness of 1.16 mm) and these specimens incorporated slight curvatures due to the vertebral geometry. This non-standard specimen geometry would be more prone to buckling under compression loading compared to the larger specimens which are normally used to determine the compression strength of trabecular bone. However, since the PA-12 specimens also had the same average dimensions as the vertebral tissue specimens, it is considered that the correction factor determined from this comparison provides a reasonable estimate of the difference in strength between the bone tissue and the PA-12 material.
Further support for the use of RP models was provided by the video examination of the failure mechanisms of the real bone specimens and corresponding RP models. This showed that the failure locations and mechanisms were qualitatively similar for many of the specimens (Table 3 and Fig. 7 ). These combined results supported the conclusion that RP models could be used as a surrogate for real bone when evaluating trends in ultimate strength properties due to changes in the architecture of the bone. A caveat to this conclusion is the critical requirement to closely control the preparation of the RP building material and the RP processing parameters in order to minimise variations in the material properties of the models that are built.
RP models were subsequently manufactured from μCT scans of 4 different ovine L5 vertebrae and were compression tested to failure. For all models tested, the ultimate strength results showed that there was a reinforcing effect between the shell and the trabecular core which was not accounted for by the sum of the strength contributions of the shell and core when tested individually (Table 4 ). Although previous finite element studies on whole bone vertebrae have been limited to linear analysis and have not addressed ultimate strength properties, their results are consistent with the findings of this study. Bayraktar et al. reported that the cortical shell contributed 44% of the stiffness of the whole vertebra even though it occupied just 22.4% of the total bone volume and had an axial stiffness in isolation that was only 8% of the intact vertebral body (Bayraktar et al., 2003) . In a subsequent FE study on thirteen human vertebrae, Eswaran et al. determined that a load fraction of 38% to 68% was carried by the cortical shell (Eswaran et al., 2007b , Eswaran et al., 2006 even though it only constituted 21% to 39% of the total volume of bone tissue.
The results of the 96 mm RP model tests revealed that the reinforcing effect between the shell and core increased from a low value of 2% of the isolated core strength for the un-thinned model to a value of 60% for the thinned model. This indicates that as the model size scale approaches whole bone dimensions, the reinforcing effect remains an important factor for lower volume fraction specimens. This increase in reinforcing effect with decreasing trabecular bone volume fraction was found to occur for all models tested.
The high value of reinforcing effect on the ultimate strength for the thinned models can be partially explained by the greater stiffness of the shelled model compared to the un-shelled model (Fig. 8) . In the elastic region of the stress-strain curve, the load that is supported by the shelled model for a given applied strain is greater than the load supported by the un-shelled model, by a factor that is equal to the ratio of the respective modulus values. The mechanical interaction between the shell and the core contributes to the increased stiffness of the shelled model via the core stiffening effect and the shell stiffening effect. The core stiffening effect is due to the higher stresses that occur in the trabecular core transition region for the shelled models compared to the un-shelled models. For the un-shelled models, the average annulus stresses drop off across this same transition region due to the side-artifact effect (Bevill et al., 2007 , Un et al., 2006 , i.e. the disconnected trabeculae at the outer surface of the core are unloaded. This reinforcing effect across the transition region is greater for the thinned model (BV/TV =0.22) compared to the un-thinned model (BV/TV =0.45). This due to the larger radial thickness of the transition region for the thinned model (1.09 mm) compared to the un-thinned model (0.66 mm) and also the fact that the stress differential across the transition region is greater for the lower volume fraction case.
The contribution of the shell stiffening effect to the overall stiffness of the shell-core structure was found to be greater than the contribution of the core stiffening effect, for all models tested (Table 5 ). In effect, the trabecular core provides reinforcement where it connects to the shell, thus inhibiting bending and buckling behaviour of the shell (Fig. 4) . The combined shell stiffening effect and core stiffening effect provided a major contribution to the overall stiffness of the shell-core structure, ranging from 16.7% of the overall stiffness for un-thinned Model 4% to 38.2% for the thinned 96 mm model (calculated from Table 5 ).
Limitations of this study include the fact that an idealised, cylindrical shell-core architecture was used instead of a whole bone geometry. This was due to restrictions in the size of RP model that could be manufactured on the laser sinterstation. However, it is reasonable to infer that the shell-core interactions which occur for such an idealised geometry will also occur in a whole bone geometry. The reduced size scale of the models tested in this study compared to whole bone specimens is another limitation which results in a reduction of the trabecular load paths available to carry the applied loads. As the size scale increases, it is expected that the relative contribution of the core stiffening effect will decrease because the size of the trabecular core transition region relative to the overall core size is reduced. However, it is also expected that the contribution of the shell stiffening effect will increase because there is a greater propensity for buckling and bending effects to occur in larger diameter thin shells. Therefore, larger diameter shells will have a lower effective modulus and strength than smaller diameter shells, so that the potential reinforcing effect of the trabecular core on the shell is greater. Our results showed that as the size scale increased from 48 mm diameter to 96 mm diameter models, the reinforcing effect between the shell and the core remained an important contributor to the overall load bearing for the lower density, thinned model. Another limitation was the fact that uniform thinning of trabeculae was used to simulate bone loss. Age-related osteoporosis is more appropriately modelled by including a consideration of adaptive remodelling based on strain levels in the trabecular network under normal loading conditions. However, it is considered that the deterioration of mechanical properties due to uniform trabecular thinning in this study is sufficient to demonstrate the mechanisms by which the reinforcing effect between the shell and the trabecular core becomes more important as bone loss in the trabecular core increases. Finally, the stiffness analysis in this study, which was used to decouple the reinforcing effect into the contributions of the core stiffening effect and the shell stiffening effect, is based on the assumption that bone strength is directly correlated to bone stiffness. Although this assumption is supported by the results of previous studies Vashishth, 2000, Keaveny et al., 1994) , there is scope in future work to extend the linear FE analysis that was used in this study to a more representative nonlinear failure analysis.
It should also be noted that the volume fraction of the ovine trabecular bone models used in this study is high (BV/TV =0.17-0.45) compared to elderly trabecular bone from the human spine (BV/TV =0.04-0.12) (Mosekilde, 2000) . Our RP model test results showed that the ultimate strength reinforcing effect increased as the bone volume fraction decreased. This indicates that for lower volume fraction human bone, the reinforcing effect may be greater than that obtained for the relatively dense bone used in this study.
In conclusion, the results of the RP model tests and FE analyses indicate that the mechanical interaction between the trabecular core and the shell results in a reinforcing effect on the ultimate strength and stiffness of the overall structure which cannot be accounted for by the individual contributions of the shell and trabecular core in isolation. The relative importance of this reinforcing effect to the ultimate strength increases as the bone volume fraction of the trabecular core decreases. In the linear elastic region of the stress-strain curve, the reinforcing effect on the overall stiffness can be decoupled into the core stiffening effect and the shell stiffening effect. The shell stiffening effect has been found to be the more dominant contributor to the overall stiffness of the shell-core structure. From a clinical perspective, the results of this study imply that the maintenance of connectivity between the trabecular core and the cortical shell is desirable for preserving the reinforcing interaction which occurs between the shell and core. This is particularly the case for osteoporotic bone, since the reinforcing interaction becomes relatively more important to the shell-core ultimate strength as the trabecular core bone volume fraction decreases. The level 2 bone loss case for Model 20 resulted in a trabecular core that was too weak to be representative of real bone. Therefore, the results for this model are not presented. The modulus values for the shell in isolation are the average results of 5 test repetitions for the 48 mm and 96 mm diameter shells.
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Figures Fig. 1 . Process for manufacturing RP model of trabecular bone. Fig. 2 . Extraction and testing of bone tissue specimen from vertebral shell. Picture 1 shows a vertebra from which a bone sample is extracted (marked by a black rectangle). Picture 2 shows extracted bone sample from the vertebral shell with attached trabeculae removed. Picture 3 shows the bone sample mounted in an aluminium holder and located between compression platens in an Instron testing machine, prior to compression testing. Fig. 3 . RP Models for shell-core interaction study. 
